We studied the tissue growth dynamics of tissue-engineered cartilage at an early growth stage after cell seeding for four weeks using sodium triple-quantum coherence NMR spectroscopy. The following tissue-engineering constructs were studied: 1) bovine chondrocytes cultured in alginate beads; 2) bovine chondrocytes cultured as pellets (scaffold-free chondrocyte pellets); and 3) human marrow stromal cells (HMSCs) seeded in collagen/chitosan based biomimetic scaffolds. We found that the sodium triple-quantum coherence spectroscopy could differentiate between different tissue-engineered constructs and native tissues based on the fast and slow components of relaxation rate as well as on the average quadrupolar coupling. Both fast (T f ) and slow (T s ) relaxation times were found to be longer in chondrocyte pellets and biomimetic scaffolds compared to chondrocytes suspended in alginate beads and human articular cartilage tissues. In all cases, it was found that relaxation rates and motion of sodium ions measured from correlation times were dependent on the amount of macromolecules, high cell density and anisotropy of the cartilage tissue-engineered constructs. Average quadrupolar couplings were found to be lower in the engineered tissue compared to native tissue, presumably due to the lack of order in collagen accumulated in the engineered tissue. These results support the use of sodium triple-quantum coherence spectroscopy as a tool to investigate anisotropy and growth dynamics of cartilage tissue-engineered constructs in a simple and reliable way. Copyright
INTRODUCTION
Osteoarthritis (OA) is a degenerative joint disease and a major public health issue for aging adult populations in developed countries (1) (2) (3) . Osteoarthritis is characterized by focal and progressive loss of articular cartilage of joints, which inherently has a poor self-healing capacity in adults (4, 5) . Many types of treatments have evolved to treat damaged or diseased cartilage. These include marrow stimulation, autologous chondrocyte implantation and osteochondral autograft transfer system (6, 7) . However, none of the available treatments have the potential to regenerate the biological composition and biomechanical properties of native cartilage (8, 9) . Tissue engineering has the potential to provide long-term relief to patients with OA by using bioengineered constructs to replace damaged or diseased cartilage.
Articular cartilage, schematically illustrated in Figure 1 , consists of chondrocytes cells and extracellular matrix (ECM), which in turn is made up of tissue fluid and structural macromolecules: collagens (mainly type II), proteoglycans and non-collagenous proteins and glycoproteins (10) . Proteoglycans are made of a protein core and one or more glycosaminoglycan chains (GAG) that contain repeating disaccharides. Each unit of these disaccharides has at least one negatively charged carboxylate and sulfate group. These long chains of negatively charged glycosaminoglycans attract cations such as sodium. The high concentration of sodium ions (240-300 mM) inside the tissue and low concentration (145 mM) in surrounding tissue fluid creates a concentration gradient governed by the Donnan osmotic effect (11) . This high concentration of cations is responsible for 50% of cartilage tissue stiffness and is one of the indicators of cartilage health (12) . Collagen is a positively charged protein at neutral pH. It forms a cross-banded fibril network in the ECM of tissues. The orientation and composition of these fibrils change along the depth of the tissue and provide the tensile stiffness and strength of articular cartilage. This cross-banded collagen network mechanically and biochemically traps proteoglycans and thus, both macromolecule units are interwoven throughout the tissue depth (10, 13) .
The goal of cartilage tissue engineering is to regenerate native cartilage in its biochemical composition and mechanical strength. To mimic native cartilage, tissue engineers focus on the production of the main ECM components, proteoglycan and collagen, using a variety of approaches. The main differences between these approaches are the absence (scaffold-free) or presence of a biocompatible scaffold and the cell sources used for chondrogenic differentiation (14) . In the scaffold-based approach, the alginate bead or collagen in combination with other biocompatible materials are used as scaffolds for scaffold-based cartilage tissue-engineering constructs (15) (16) (17) (18) . Chondrocytes isolated from native tissue or HMSCs differentiating towards chondrocytes can be used as a cell source (15, 19, 20) . Each of these methods has its own advantages and their effectiveness depends on their ability to produce the primary chondrogenic ECM components proteoglycans and collagen and their mechanical properties matched with the native one. To ensure high quality engineered cartilage, this ECM production needs to be monitored at various time points using various biochemical, mechanical and histological monitoring techniques such as expression analysis using qRTPCR and immunohistochemical analysis matched with the properties of the native tissue. Although quantitative in terms of ECM amount, these techniques provide no information about anisotropy and the dynamics involved in cartilage tissue engineering. We present a first such study using sodium triple-quantum coherence spectroscopy, which provides a window into inherent dynamics in cartilage tissue growth.
Numerous studies have shown the advantages of using nuclear magnetic resonance (NMR) spectroscopy and MR parametric studies for tissue engineering problems (21) (22) (23) (28) (29) (30) . However, to the best of our knowledge, sodium ( 23 Na) NMR and MRI have not been used to study the development of tissue-engineered cartilage.
Sodium ( 23 Na) is the second most abundant NMR active nuclei after water protons found in biological tissues. Sodium concentration in tissues varies independently of proton distribution depending on physiological and pathological conditions; therefore, sodium spectroscopy and imaging have the potential to provide complementary information to proton spectroscopy and imaging. Sodium spin-lattice relaxation (T 1 ) and spin-spin relaxation (T 2 ) relaxation are dominated by quadrupolar interaction between the electric quadrupolar moment of the nucleus and the electric field gradient (EFG) at the location of the nucleus. The fluctuation in EFG, which is influenced by its environment, is the main mechanism of relaxation in sodium nuclei. Thus, sodium ion concentration and relaxation are sensitive to the physiological conditions of the tissue. As stated earlier, sodium concentration in cartilage is higher because of attractive binding between sodium ions and proteoglycan. Therefore, sodium NMR is an attractive tool to investigate the structure and dynamics of native and engineered cartilage. Sodium NMR and MRI have been widely applied to study cartilage dynamics and degeneration in its native state and sodium double-and triple-quantum coherence spectroscopy have been applied to the study of anisotropy, order and degeneration of cartilage tissue by a number of researchers (12, (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . It has been shown that in the early stages of osteoarthritis, loss of proteoglycan causes changes in sodium ion concentrations and relaxation rates that can be measured quantitatively using sodium triple-quantum coherence spectroscopy and imaging (12, 41, 42) . Recent studies using sodium MRI on cartilage have focused on GAG assessment from sodium signal intensity of cartilage repair tissues after surgical treatment in patients (43) (44) (45) (46) . Keinan-Adamsky et al. applied sodium triple-quantum coherence spectroscopy to study pig cartilage maturation from newborn to 39 months in pigs and found that short relaxation time T 2f decreased and average quadrupolar coupling o Q increased with age (47) . We present a novel application of sodium triple-quantum coherence spectroscopy for the study of tissue-engineered cartilage.
In the present study, we investigated the application of sodium triple-quantum coherence NMR spectroscopy for monitoring tissue growth dynamics for tissue-engineered cartilage at an early growth stage after cell seeding. For comparison, we also investigated human cartilage tissue. Sodium triple-quantum coherence filter is insensitive to sodium ions undergoing fast isotropic motion and therefore, it filters out signals from free sodium ions (12, 48) . This allowed us to observe the interaction of sodium ions with tissue macromolecules and to gauge the anisotropy and dynamics in the engineered tissue. The triplequantum coherence signal in this case was characterized by biexponential relaxation decay with fast (T f ) and slow relaxation (T s ) time constants and an average residual quadrupolar coupling, o Q (12, 48) . These rates are indicative of the tissue physiologic state. Keinan-Adamsky et al. found that the fast relaxation time constant and average quadrupolar coupling measured from sodium triple-quantum coherence spectroscopy were diagnostic for patients with different stages of osteoarthritis (31) . In addition, Insko et al. showed an increase in slow relaxation time constant (T s ) and a decrease in fast relaxation time constant (T f ) with decreasing proteoglycan content in an enzymatically treated bovine cartilage tissue (38) . To the best of our knowledge, the potential of sodium triple-quantum coherence spectroscopy has not been used to study growth and development of tissue-engineered cartilage at post-cell seeding.
We calculated fast and slow relaxation time constants and average quadrupolar coupling for three common engineered cartilage tissue constructs: 1) bovine chondrocytes cultured in alginate beads; 2) bovine chondrocytes cultured as pellets (scaffold-free pellets); and 3) human marrow stromal cells (HMSCs) cultured in biomimetic scaffolds. These constructs were chosen to represent three commonly used approaches in cartilage tissue engineering. At the early stages of tissue growth, cells generate collagen and proteoglycan, primarily. The deposition of these macromolecules change the immediate environment around the sodium ions and therefore, their relaxation behaviour post-cell seeding is representative of the accumulation of these macromolecules. Although sodium ions bind primarily to negatively charged proteoglycan, our triplequantum coherence data indicate that sodium quadrupolar properties can be affected by both proteoglycan and collagen. This is in line with the effect of collagen fiber order on tissue anisotropy for native tissue (31, 37) . We found that sodium triple-quantum coherence spectroscopy can differentiate between different tissue-engineered constructs and native tissue based on fast and slow relaxation rates as well as on the average quadrupolar coupling. We found that both fast and slow relaxation rates were sensitive to tissue growth in all tissue-engineered cartilage constructs and varied according to the engineered cartilage and growth stage. The residual average quadrupolar coupling of tissue-engineering constructs was found to be lower than native tissue, which indicated a significantly low order of structure in tissue-engineered cartilage constructs. Finally, we proposed a schematic model of tissueengineered constructs.
Theory
Quadrupolar spin probes such as sodium ( 23 Na) with spinquantum number 3/2 are important in investigating dynamics in biological tissues. These nuclei possess an electric quadrupole moment Q that interacts with the electric field gradient (EFG) at the location of the nucleus. The electrical environment around the nucleus produces the EFG; thus, sodium NMR is very sensitive to the local environment surrounding the nucleus. In isotropic liquids, this interaction is averaged to zero. However, in a system where sodium nuclei are involved in a slow molecular motion or reside in an ordered environment, multiple-quantum coherence can evolve. In such cases, the sodium nuclei experiences a non-zero EFG and a residual quadrupolar coupling can be observed through multiple-quantum coherence (48) . Because of the non-zero quadrupolar interaction, the transverse relaxation rate for sodium nuclei is biexponential with one short (T f ) and one long (T s ) decaying component owing to the satellite transitions (AE 3/2 ↔ AE 1/2) and the central transition (-½ ↔ + 1/2). The triple-quantum transition signal is detected by the pulse sequence and phase cycling designed to filter the triple-quantum signal (49) .
The motion of sodium ions in engineered or native cartilage tissue is anisotropic because of the interaction of sodium ions with ECM components, proteoglycan and collagen fibers. The strong triple-quantum signal is observed in this case with a biexponential decay and average residual quadrupolar coupling (12, 31, 50) . The triple-quantum signal intensity in this case can be written as Equation [1] (12);
where R 1 (= 1/T f ) and R 2 (= 1/T s ) are the fast and slow decaying components of biexponential transverse relaxation times and o Q is the average residual quadrupolar coupling. Figure 2 shows an example of triple-quantum signal intensity as a function of preparation time t and is best-fit using Equation [1] . Using fast and slow relaxation times, one can calculate the motional averaging parameter o 0 t c using Equation [2] (50);
The motional averaging parameter, o 0 t c where t c is rotational correlation time represents how fast or slow sodium ions can tumble depending on the anisotropy in its immediate environment (12). In the fast motion limit (o 0 t c < < 1, typically in liquids), the average quadrupolar coupling is zero. In the slow motion regime such as the motion of sodium ions in biological tissues, the motional averaging parameter is o 0 t c ≥ 1 and there is a residual quadrupolar coupling. The combination of motional averaging parameter with average quadrupolar coupling gives accurate information about the dynamics and order in the tissue. The large residual average quadrupolar coupling such as the one found in native cartilage tissue represents the order in the tissue (31). 
MATERIALS AND METHODS Cartilage tissue-engineered construct preparation

Alginate beads
The culture of articular chondrocytes suspended in alginate beads has the advantage of maintaining cell phenotypes over prolonged periods and is frequently used in the field of cartilage tissue engineering (17, 19, 51) . Bovine chondrocytes (4 millions cells/mL) were cultured using chondrogenic growth media in alginate beads using established protocols (19) . Typical size of the beads was 2-3 mm in diameter at the start of the experiments (~0.5 million cells/bead) and increased up to 3-4 mm in diameter during the course of the study. It has been shown previously that chondrocytes generate cartilage ECM macromolecules, proteoglycan and collagen with increasing cell density in alginate bead culture (19, 51, 52) . Each week, four beads were removed from the incubator and placed in a 5-mm NMR tube for sodium NMR studies.
Scaffold-free pellets
Scaffold-free chondrocytes pellets have also used in cartilage tissue engineering as a preferred method to treat osteochondral defect (20) . Each chondrocyte pellet was formed by centrifuging 5 Â 10 5 bovine chondrocytes at 1000 Â g for 10 min (51). Increasing amounts of proteoglycan and collagen were confirmed by biochemical analysis using published protocols (53, 54) . NMR measurements on these pellets were performed from week 1 after the cell seeding for pellets to gain some mechanical strength and cartilage macromolecules. Each week, three pellets were stacked in layers and placed into a 5-mm NMR tube with media for sodium NMR studies.
Bimimetic scaffolds
Biomimetic scaffolds are found to be effective for bone regeneration and similar strategies are under active consideration for cartilage tissue engineering (55) . Biomimetic scaffolds were prepared using a technique similar to our published protocol (55) . Briefly, HMSCs were subjected to chondrogenic differentiation in a collagen/chitosan scaffold for a period of 2 weeks. The scaffolds were then decellularized as published previously, leaving behind the cell-secreted ECM. This procedure resulted in a scaffold that contained the ECM of HMSCs undergoing chondrogenic differentiation. We used these scaffolds to induce chondrogenic differentiation of undifferentiated HMSCs (1 million cells/ml) without the use of differentiating agents. Chondrogenic differentiation of HMSCs at the end of the four-week period was confirmed by upregulation of chondrogenic marker genes using gene expression analysis. Each week, three scaffolds (~1-2 mm in diameter) were taken out of the incubator and placed into a 5-mm NMR tube with growth media for sodium NMR study.
Human articular cartilage explants
Human and bovine articular cartilage explants were acquired from Articular Engineering (http://articular.com/) and cultured in an incubator at 37 C and 5% CO 2 with growth media. The explants were about 3 mm in diameter and approximately 1 mm thick. Therefore, they did not represent the complete articular cartilage with all the three zones intact. Three samples of each type were taken out of the incubator and triple-quantum coherence spectroscopy experiments were performed using the experimental parameters described above.
NMR experiments
Sodium NMR measurements were performed at room temperature on a 9. to select the triple-quantum coherence (12) . The other experimental parameters were: no. of scans = 432; no. of points in FID = 1024; sw = 4 kHz. The preparation delay t was varied as 0.1, 0.2, 0.4, 1, 2, 4, 10, 20, 40, 60, 100 and 140 ms. When the signal didn't decay for the lowest or highest values of the preparation delay t, further experiments with t lower than 100 ms or higher than 140 ms were performed. The delay d was set to 5 ms. No line broadening was used for processing these data. The standard error of mean (SEM) values were calculated by taking the mean signal intensity of all t values and dividing it by the square root of the number of samples N. Fast (T f ) and slow (T s ) relaxation times and average residual quadrupolar coupling were measured by fitting triple-quantum signal intensity to Equation [1] as a function of preparation delay t using a custom written MATLAB program. The standard errors associated with the residual quadrupolar coupling were found to be high because of the small number of data points and therefore are discussed only qualitatively in this article. The motional parameter o 0 t c was calculated using the obtained relaxation rates in Equation [2] . Proton double-quantum coherence spectra were collected using the Jeener-Broekaert double-quantum coherence pulse sequence: 90 After cell seeding, the tissue-engineering construct samples were taken out from the incubator for four consecutive weeks and NMR experiments were performed immediately in the growth media to preserve their natural environment. 
RESULTS AND DISCUSSION
Each tissue-engineering construct had a significantly different pattern for the change in triple-quantum coherence signal intensity as a function of preparation delay t from week to week. Figure 3 shows the rise and decay of the triple-quantum coherence curve as a function of preparation delay t for chondrocytes in alginate beads, HMSCs in biomimetic scaffolds and chondrocyte pellets for 2 weeks in culture. It is clear that in the alginate beads, the build-up and decay of the triple-quantum coherence signal was faster than the biomimetic scaffolds and the chondrocyte pellets, indicating smaller fast and slow relaxation times and average higher values of quadrupolar coupling. Biomimetic scaffolds had a fast rise indicating shorter T f relaxation times but slow decay, indicating longer T s relaxation times. Chondrocyte pellets had a slow rise and slow decay for the observed triple-quantum signal intensity curve. Table 1 gives the calculated fast and slow relaxation time constants along with the residual quadrupolar coupling using the best fit to Equation [1] for all three cartilage tissue-engineered constructs. For comparison, similar parameters are also given for human cartilage explants. The relaxation times and average quadrupolar coupling in native tissue were in the close range as reported by Keinan-Adamsky et al. (31) . However, in the current study, the native tissues were approximately 3 mm in diameter and 1 mm thick disk-like shaped. Therefore, they did not possess a complete zonal layered cartilage tissue structure.
The calculated values of quadrupolar coupling in native tissues as well as the values reported in the literature (31) were much higher compared to the calculated average quadrupolar parameter in the engineered tissues. The high values of average quadrupolar coupling in human cartilage tissue is possibly due to the wileyonlinelibrary.com/journal/nbm order of collagen network found in the native state. In comparison, average quadrupolar coupling was also high in the chondrocytes suspended in alginate beads. We suspect that this is also because of the polymeric chain in the beads. The fast and slow relaxation times were also lower in native tissues compared to the biomimetic scaffolds and chondrocyte pellets, which might be because of the higher amount of macromolecules providing relaxation pathways for the sodium ions. In the following section, we will focus on understanding the relaxation and dynamics behaviour of sodium ions in engineered tissues. It is clear from the Table 1 and Figure 3 that the chondrocytes cultured in alginate beads had smaller values of both relaxation time constants T f and T s compared to the chondrocyte pellets and biomimetic scaffolds. Masuda et al. showed that bovine chondrocytes cultured in alginate beads maintain their phenotype and continue to produce proteoglycans and collagen with a deceasing PG/collagen ratio while in cell culture (52) . Alginate bead forms a gel using a calcium ion network with L-guluronic acid polymeric residues (G-blocks) (56) . This Ca + ion network with L-guluronic acid residues provides a charged ordered environment and creates an osmotic pressure in the beads. The strong triple-quantum coherence build-up and fast relaxation times in alginate beads might be due to this bead-specific environment that is not present in other tissue-engineered constructs. Because of the divalent network of calcium ions and polymeric chain of guluronic acid, sodium ions reside in a charged ionic network environment, which might contribute to fast relaxation of sodium ions in alginate beads. This environment is modified when the chondrocyte cells produce ECM components proteoglycans and collagen. The signal intensity rose from week 0 to week 4 except at week 2, where there was a sudden drop. If we look into the relaxation times from week to week, both fast T f and slow T s relaxation time constants decreased for the first 3 weeks, possibly due to the production of ECM component proteoglycans, which could bind with sodium and calcium ions in the gel, thus providing additional relaxation pathways. However, at week 3, relaxation time constants increased and then slightly increased again at week 4. This is an interesting trend. In the other two engineered constructs, fast and slow relaxation time constants changed in different directions with the production of ECM components, which was also the case in the published study by Insko et al. for enzymatically degraded bovine cartilage (38) . This suggests a possible role of a gel-like structure and calcium ion network in the sodium relaxation pathway. The average sodium motional parameter o 0 t c for the alginate beads was 6.54 AE 0.5 (t c = (6.18 AE 0.47) x 10 -8 s -1 ). For biomimetic scaffolds, the slow relation time T s increased for the first week, then decreased until week 3 before slightly increasing again at week 4. The fast relaxation rate T f had a reverse trend; it deceased for the first 2 weeks then increased again at weeks 3 and 4. Insko et al. showed that T s values decrease and T f values increase with increasing proteoglycan content (38) . To explain the relaxation behaviour of these constructs, we need to understand the physical and biochemical properties of these samples. These scaffolds contained the cartilage ECM components proteoglycans and collagen as part of the hybrid 'scaffolds plus matrix' growth strategy right from the beginning. The base scaffold was a 1:1 combination of collagen and chitosan porous material. These scaffolds were porous with pore size ranging from 1-10 mm, similar to our published results for osteoblasts, and this affected the environment around sodium ions and their relaxation (55) . The growth strategy was such that when the mesenchymal stem cells perceived a cartilage ECM in their environment, they underwent chondrogenic differentiation. The chondrogenic differentiation of HMSCs and the production of cartilage the ECM components proteoglycans and collagen in these biomimetic scaffolds at the end of 4 weeks culture were confirmed by qRTPCR and immunohistochemical analysis and will be published elsewhere. This is the first such study of chondrogenic differentiation of HMSCs without the aid of growth factors.
There could be two factors affecting relaxation behaviour in the biomimetic scaffolds. First, the starting cells in these scaffolds were HMSCs, and as they underwent chondrogenic differentiation, it is possible that there was a reduction in the amount of original proteoglycan during the first week while the HMSCs starting to go through chondrogenic differentiation. At the beginning of the second week when these newly formed chondrocytes started generating cartilage-like ECM components, relaxation patterns changed as expected. Slow relaxation time (T s ) decreased while fast relaxation time (T f ) increased. The motional parameter o 0 t c increased during the first two weeks, which means the motion was getting slower with the production of ECM components. It dropped suddenly at weeks 3 and 4. Thus, sodium ions moved faster at week 4 compared to week 2 as shown in Figure 4 . Further studies are underway to understand this peculiar behaviour. Our assumption is that the random order collagens were responsible for reduced anisotropy in the system. The average sodium motional parameter o 0 t c for the biomimetic scaffolds was 5.45 ). The most interesting case for sodium triple-quantum coherence study was for the chondrocyte pellets. The triple-quantum coherence signal had a much slower rise and decay time constants compared to other two tissue-engineering constructs and was observed during the first two weeks of cell culture. The triple-quantum coherence signal intensity dropped to almost zero, with no distinct rise or fall for pellets at week 3, and only recovered slightly at week 4 as shown in Figure 5 . No such sharp change in triple-quantum coherence intensity was observed in the other two tissue-engineered constructs. This was surprising, as proteoglycan and collagen continued to grow with reduced proteoglycan to collagen ratio in the pellets, as confirmed by biochemical analysis in our lab. The pellet experiments were repeated again with fresh samples and similar trends in triple-quantum filtered signal intensity were observed. As can be seen from Table 1 , both slow and fast relaxation times were large, with a slow rise and fall of triple-quantum coherence spectroscopy for weeks 1 and 2 of the culture period. The decrease in the value of T s and the ), which signifies faster sodium ion motion compared to the other two tissue-engineered constructs and native cartilage tissues. The production of random order collagen fibrils was represented by a small value of average quadrupolar coupling in this case. The drop in triple-quantum coherence signal intensity at weeks 3 and 4 was again probably due to the isotropic environment created by this random order collagen. The isotropic environment created with the production of ECM components was also confirmed by the small average dipolar coupling in proton double-quantum coherence spectra as shown in Figure 6 . This splitting was much smaller than the reported values for bovine Achilles tendon, which showed the basic difference between native and the engineered tissues (57) .
Based on sodium triple-quantum coherence data and on known immunohistochemical data on these tissue-engineered constructs, we proposed a schematic model for tissue-engineered constructs. This model is more apt for chondrocyte pellets but could be suitable for other cartilage tissue-engineered constructs as well. We propose that there are three major differences between tissue-engineered constructs and native cartilage tissue. 1) Lack of order: the collagen type II produced in the engineered tissues was of random nature and possibly of small fibril size, which contributed to the reduced anisotropy in the engineered tissues. 2) Ratio of proteoglycans to collagen: native tissue had a higher amount of collagen compared to proteoglycan, whereas in the engineered tissue as found in our lab as well as in published studies by other groups, the amount of proteoglycans accumulation was higher compared to collagen production (52) . This ratio (PG/collagen) decreased as tissue matured but did not reach the level of native tissue in the period studied. 3). Cell density: in the mature native cartilage tissue, the number of chondrocytes was only 1% of wet weight whereas in the engineered tissues, it was significantly higher to achieve the high production of ECM components. The effect of cell proliferation and differentiation on sodium relaxation and dynamics was not accounted for in the present study; however, we expect that it did have a non-negligible contribution. The proposed model based on these three main features of engineered tissues is presented in figure 7 .
CONCLUSIONS AND OUTLOOK
In the present study, we investigated the application of sodium triple-quantum coherence spectroscopy for the study of tissuegrowth dynamics in three different cartilage tissue-engineered constructs. These experiments were performed in normal growth media to preserve the natural environment of the engineered tissues. Human HMSCs seeded in biomimetic scaffolds, bovine chondrocyte seeded in alginate beads and bovine chondrocyte pellets were studied. The average quadrupolar couplings were found to be smaller in the engineered tissues compared to native tissue and was attributed to the lack of order in the engineered cartilage. Fast (T f ) and slow (Ts) relaxation times were found to be lower in alginate beads compared to biomimetic scaffolds and chondrocyte pellets. In biomimetic scaffolds, the motional parameter increased during the first two weeks of cell culture and then dropped at week 3. This sudden drop in Figure 5 . Sodium triple-quantum coherence spectra of chondrocyte pellets as a function of creation delay t for 4 weeks of culture. The week 3 and week 4 spectra has been multiplied by 5. motional parameter was attributed to the production of random order collagen fibrils. The slow relaxation time constants and smaller value of motional parameter o 0 t c in the case of chondrocyte pellets were attributed to increased isotropy due to random order collagen fibrils in these samples. This study showed that sodium triple-quantum coherence spectroscopy can be a useful tool for studying the dynamics and anisotropy of proteoglycans and collagen in engineered cartilage tissue. We plan to further utilize these findings in sodium triple-quantum in vivo MRI experiments using engineered cartilage tissues implanted in a mouse model. It would be interesting to see if the tissue gains anisotropy after implantation. The effect of cell proliferation and differentiation on sodium relaxation and average quadrupolar coupling parameters were not accounted for in this study. We plan to address these parameters by varying initial cell density and accounting for cell numbers during the growth stage of engineered cartilage tissues in future studies. These studies will shed much needed light on the growth dynamics of cartilage tissue engineering that can be used to enhance the performance of cartilage tissue engineering.
